Abstract Hepatitis C virus (HCV) nonstructural protein 4B (NS4B) is a multi-transmembrane protein, but little is known about how NS4B contributes to HCV replication and tumorigenesis. Its C-terminal domain (CTD) has been shown to associate with intracellular membrane, and we have previously shown that NS4B CTD contains a class I PDZ-binding motif (PBM). Here, we demonstrated that NS4B PBM interacts with the PDZ-containing tumor suppressor protein, Scribble, using immunofluorescence and co-immunoprecipitation assays, and this interaction requires at least three contiguous PDZ domains of Scribble. In addition, NS4B PBM specifically induced Scribble degradation by activating the proteasomeubiquitin pathway. Similar Scribble degradation was also observed in HCV-infected cells, suggesting NS4B could work in the context of HCV. Finally, NS4B PBM mutants showed reduced colony formation capacity compared with its wild-type counterpart, indicating that NS4B PBM plays important roles in NS4B-mediated cell transformation. Altogether, we provide a mechanism by which NS4B induces cell transformation through its PBM, which specifically interacts with the PDZ domains of Scribble and targets Scribble for degradation.
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Introduction
Hepatitis C virus (HCV) is an enveloped positive singlestranded RNA virus that causes hepatitis C and HCV-related liver diseases including hepatocellular carcinoma (HCC) [1] . Up until now, there is no effective HCV vaccine available and hepatitis C is becoming a serious global health problem that affects 170 to 200 million people worldwide. The current standard of care is the combined use of nucleoside analog ribavirin and pegylated interferon-α; however, the efficacy of this treatment is limited and depends largely on the viral genotypes [2] [3] [4] . The HCV genome encodes a polyprotein of about 3010 amino acids, which is cleaved into functional proteins including the mature structural capsid protein (C), envelope proteins (E1 and E2), ion channel (p7), and six nonstructural proteins (NS2-NS5B) [5] . Although the precise mechanism underlying HCV replication process remains largely unclear, most of the HCV nonstructural (NS) proteins are known to be involved in membranous web (MW) and double-membrane vesicles (DMVs) formed by protein-protein and protein-lipid interactions, which is the site of the viral RNA synthesis [6] [7] [8] . One of the NS proteins that are indispensable for viral replication is HCV NS4B, which is a hydrophobic protein highly conserved in Flaviviridae family [9] . NS4B expression causes alteration of the endoplasmic reticulum (ER) membrane and formation of MW, which could provide a platform for HCV viral replication [8, 10] . Our previous work has shown that NS4B expression activates unfolded protein response (UPR), ER overload response, and NF-κB pathway in human hepatic cells, which could contribute to HCV replication and pathogenesis [11] [12] [13] .
HCV NS4B is a 27-KDa protein consisting of an Nterminal domain (aa 1 to 69), C-terminal domain (aa 191 to 261), and a central transmembrane domain (aa 70 to 190). Topology structure studies of NS4B showed that its Nterminal domain comprises two amphipathic α-helices (AH1 and AH2) with several functional properties. Its central domain consists of four transmembrane domains (TMs) and a nucleotide-binding Walker A motif, mediating HCV viral replication and replication-related focus formation [9] . The Cterminal domain has been suggested to be the major membrane-binding domain, but recent studies showed that it is involved in protein-protein and protein-RNA interactions [14, 15] . In addition, the predicted helices and motifs of the Cterminal domain are involved in HCV replication [16] .
We have previously analyzed the interaction motifs within NS4B using basic ELM software and found that its Cterminus contains a PDZ-binding motif (PBM) [9] , which could bind cellular PDZ-containing proteins such as the membrane protein, Scribble. Scribble is a PDZ-containing protein and has been well known for its roles in cellular polarity [17] and apoptosis [18] . The functions of Scribble have been shown to be modulated by viral proteins [19] . Human Tlymphotropic virus type 1 (HTLV-1) Tax protein affects the localization of Scribble protein and inhibits its activity to attenuate T cell receptor (TCR)-induced activation of nuclear factor of activated T cells (NFAT). Tick-borne encephalitis virus (TBEV) NS5 protein interacts with Scribble to inhibit interferon-mediated JAK-STAT signaling. In addition, highrisk human papillomavirus (HPV) E6 protein binds Scribble protein to cause its degradation through proteasome-mediated proteolysis [19] .
HCV NS4B has been reported to transform NIH3T3 cells, but little is known about the underlying mechanism [14] . Here, we showed that NS4B PBM is a key motif that enables NS4B to interact with Scribble protein, and at least three PDZ domains of Scribble are required for this interaction. Furthermore, this interaction leads to scribble degradation through the proteasome-ubiquitin pathway. We also observed this proteasome-dependent Scribble degradation in HCV-infected Huh7.5.1 cells, suggesting that NS4B has some roles for HCV-mediated Scribble degradation. In addition, NS4B PBM confers the ability of NS4B to transform cells. Taken together, our study revealed a novel mechanism by which NS4B contributes to HCV tumorigenesis by targeting tumor suppressor protein, Scribble, for degradation.
Materials and methods
Cells and plasmids
293T, HepG2, Huh7.5.1, and HeLa cells were maintained in Dulbecco's modified Eagle medium (DMEM) with 10 % fetal bovine serum (FBS) and cultured at 37°C in a 5 % CO 2 incubator. The replicon Con-1 was kindly provided by Prof. Ralf Bartenschlager (University of Heidelberg, Germany). To construct NS4B PBM mutants, the last four amino acids of NS4B were deleted or site-direct-mutated as alanine (AAAA) with appropriate sets of primers. The full-length cDNA of NS4B gene was designed as NS4BWT, the NS4B with last four amino acids deleted as NS4BD, and the NS4B with last four amino acids mutated as NS4BM. These NS4B sequences were inserted into pEGFPC1 and pFLAG-CMV2 plasmids (Invitrogen, USA) to construct pEGFPC1-NS4B, pEGFPC1-NS4BD, and pEGFPC1-NS4BM and pFLAG-CMV2-NS4B, pFLAG-CMV2-NS4BD, and pFLAG-CMV2-NS4BM, respectively. The plasmid pcDNA/Flag-Scribble (kindly provided by Prof. Rice, Baylor College of Medicine, USA) was used as template to amplify all the fragments of Scribble and cloned into indicated mammalian expression vectors. All the constructs were verified by DNA sequencing. The plasmids were transfected into cells at approximately 80 % confluence by Lipofectamine 2000 (Invitrogen, Karlsruhe, USA) in 150-μl DMEM medium without 10 % FBS, according to manufacturers' instructions.
Immunofluorescence analysis
At 24 h post-transfection, cells were washed with phosphate-buffered saline (PBS) and fixed in 4 % formaldehyde for 15 min at room temperature. Cells were permeabilized in 0.1 % Triton X-100 in PBS, blocked with 3 % FBS in PBS, and then incubated with primary antibody overnight at 4°C followed by incubation with secondary antibody conjugated to red fluorochromes. The cell nuclei were stained with 1 μg/ml dihydrochloride (Beyotime, China). Cover slips were mounted upside down on slides with suitable volume of ProLong Gold Antifade Reagent (Invitrogen, USA). The cells were examined using an Olympus IX81 fluorescence microscope equipped with the appropriate filter sets and Olympus FluoView Ver.2.0a Viewer software. The antibodies used were anti-Scribble (Santa Cruz Biotechnology, USA), anti-Goat TRITC labeled IgG antibody (KPL, USA).
Co-immunoprecipitation
At 48 h post-transfection, 293T cells were washed in ice-cold PBS and lysed on ice with lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM NaVO 4 , 1 μg/ml Leupeptin, 1 mM PMSF). Cell-free lysate was mixed with anti-FLAG agarose (Abmart, China), washed three times with lysis buffer, and boiled in 40 μl of 1× SDS-PAGE loading buffer.
Western blotting analysis
Proteins were separated on SDS-PAGE gel and transferred into PVDF membrane. Membrane was blocked with 5 % nonfat milk and incubated with primary antibodies overnight at 4°C and secondary antibodies (KPL Company) in 2.5 % nonfat milk at room temperature for 2 h. Proteins were visualized by SuperSignal ® West Pico Chemiluminescent Substrate (Thermo Scientific).
JFH1 production and infection
Plasmid pJFH1 that contains the full-length HCV genotype 2a JFH1 strain cDNA was kindly provided by Professor Wakita (National Institute of Infectious Diseases, Tokyo, Japan). The infectious JFH1 HCV 2a virus was generated, and virus titers were quantified by RT-PCR as previously described [20] . Huh7.5.1 was infected by JFH1 at TCID50 of 100. Cells were harvested at the indicated time, and Scribble expression was analyzed by qRT-PCR and Western blot.
Colony formation assay
At 24 h post-transfection, trypsinized cells were suspended in DMEM medium and subsequently 0.3 % low-melting-point agarose overlaid onto a solidified layer of DMEM medium and 0.6 % agarose in 20-mm plates (1000 cells/plate). Two weeks later, the colonies were stained with 0.005 % crystal violet (Sigma, USA). The colony-forming units (CFU) with more than 100 cells were counted under a light microscope.
Results
HCV NS4B interacts with Scribble
We have previously reported that HCV NS4B contains a PBM domain within its C-terminal domain, which enables it to interact with PDZ domain-containing proteins [9] . As Scribble protein contains four PDZ domains and interacts with the PBM of some viral proteins [19] , we hypothesized that HCV NS4B PBM domain could interact with the PDZ domain of Scribble. To test this hypothesis, we co-transfected pEGFP-NS4B and pFLAG-CMV2-Scribble expression vectors into 293T cells and analyzed their co-localization by immunofluorescence. HCV NS4B localized throughout the cytoplasm and has a perinuclear staining (Fig. 1a, second panel) , consistent with previous reports about NS4B localization [21, 22] . Most importantly, we found that NS4B co-localized with Scribble (Fig. 1a , second and third panels), indicating an interaction between these two proteins. We also observed the co-localization between NS4B and Scribble in other cells lines including HeLa (Fig. 1a, fourth panel) and HepG2 cells (Fig. 1a, fifth panel) , indicating that HCV NS4B interacts with Scribble protein irrespective of cell lines.
To identify which NS4B domain(s) interacts with Scribble, we constructed vectors that express EGFP-fused NS4B Nterminal domain (EGFP-NS4BN), central domain (EGFPNS4BCore), and C-terminal domain (EGFP-NS4BC) and transfected them into 293T cells. We found that NS4B Nterminal domain distributes around the nucleus but not nearby the membrane (Fig. 1b, first panel) . NS4B central domain displays small punctate or dot-like structures throughout the cells (Fig. 1b, second panel) . However, neither NS4B N-terminal domain nor central domain co-localized with Scribble. Only NS4B C-terminal domain showed colocalization with Scribble (Fig. 1b, third panel) , indicating that NS4B C-terminal domain is required for NS4B-Scribble interaction.
HCV NS4B interacts with Scribble via its PBM
As PBM resides in NS4B C-terminal domain, to further explore whether NS4B PBM mediates the NS4B-Scribble interaction, we mutated NS4B PBM either by deleting all PBM residues (EGFP-NS4BD) or changing all PBM residues to alanine (EGFP-NS4BM) and transfected these two mutants into 293T cells. We then analyzed the interaction between NS4B and endogenous Scribble protein by immunofluorescence assay. As shown in Fig. 1b , EGFP-NS4BD and EGFP-NS4BM proteins were expressed throughout the cytoplasm, almost the same as EGFP-NS4B, indicating that NS4B PBM domain does not affect its cellular localization. However, there is no overlay area of endogenous Scribble with either EGFP-NS4BD or EGFP-NS4BM (Fig. 1b, fourth and fifth panels), indicating that NS4B PBM domain is required for NS4B-Scribble interaction.
We further analyzed NS4B-Scribble interaction by coimmunoprecipitation (Co-IP). We transfected 293T or HepG2 cells with plasmids expressing FLAG-tagged NS4B (Flag-NS4B) or its PBM mutants (Flag-NS4BD or Flag-NS4BM). NS4B was immunoprecipitated with anti-FLAG resin. As expected, Scribble protein was precipitated with wild-type NS4B but not NS4B PBM mutants (Fig. 2 , compare lane 6 to lanes 7 and 8), confirming that NS4B PBM is required for NS4B to interact with Scribble.
The PDZ domains of Scribble are required for its interaction with NS4B PBM Scribble consists of three primary domains: leucine-rich repeats (LRRs), LAP-specific domain (LAPSD), and four contiguous PDZ domains (Fig. 3a) . Both LRRs and PDZ domains are protein-protein interaction modules. To determine whether HCV NS4B interacts with PDZ domains of Scribble, we transfected the plasmid expressing Myc-tagged four Scribble PDZ domains into 293T cells and examined its interaction with NS4B by Co-IP assay. As shown in Fig. 3b, NS4B binds the four PDZ fragment of Scribble, indicating that the other two domains, LRR and LAPSD, are not required for NS4B-Scribble interaction. To identify which PDZ domains are required for this interaction, we constructed a series of plasmids expressing Myc-tagged Scribble PDZ domains and examined interactions with NS4B by Co-IP assay. When PDZ1, PDZ2, PDZ3, or PDZ4 was expressed alone, they were not able to interact with NS4B ( Fig. 3c-f) . Expression of two tandem PDZ domains (PDZ1-2, PDZ2-3, PDZ3-4) of Scribble also failed to interact with NS4B ( Fig. 3g-i) . Only Scribble that contains the first three (PDZ1-3) or the last three PDZ domains (PDZ2-4) interacts with NS4B (Fig. 3j, k) , indicating that the interaction between HCV NS4B PBM and Scribble involves at least three contiguous PDZ domains of Scribble.
HCV NS4B induces the degradation of Scribble
As HCV NS4B interacts with Scribble, we next investigated the effects of NS4B on Scribble. Viral proteins have been shown to regulate Scribble either by altering its localization or triggering Scribble degradation [19] . From  Fig. 1a , we found that NS4B does not affect the localization of Scribble. Hence, we explored whether NS4B affects the protein levels of Scribble. We transfected different amounts of NS4B expression plasmids into 293T and HepG2 cells and then examined the protein levels of Scribble. Increased expression of NS4B significantly reduced Scribble protein levels in both 293T (Fig. 4a ) and HepG2 cells (Fig. 4b) . In NS4B-transfected 293T and HepG2 cells, NS4B expression was higher at 48-h post-transfection compared with 24-h post-transfection; however, Scribble protein levels were lower at 48-h post-transfection compared with 24-h post-transfection, revealing a negative correlation between NS4B expression and Scribble protein level. We also examined the impact of NS4B on the other two PDZ-containing proteins, lethal giant larvae2 (Lgl2) and protease-activated receptor-3 (Par3). Our data showed that their intracellular protein levels were not altered by NS4B expression (Fig. 4b-d, f ; the Par3 protein data was not shown). These results indicate that NS4B specifically induced Scribble degradation. Cell lysates were mixed with anti-FLAG resin, and the precipitates were analyzed by Western blot with indicated antibodies. k 293T cells were co-transfected with pFLAG-CMV2-NS4B, pCDNA4b, or Myc-tagged Scribble PDZ1-3. Cell lysates were mixed with anti-Myc resin, and the precipitates were analyzed by Western blot with indicated antibodies HCV NS4B activates the proteasome-ubiquitin pathway to degrade Scribble To understand how HCV NS4B triggered Scribble degradation, we examined the involvement of the proteasomeubiquitin pathway. First, we examined the effects of NS4B on the protein levels of ubiquitin-specific peptidase 14 (USP14), a cytoplasmic protein that belongs to the ubiquitin-specific processing family of deubiquitinating enzymes [23, 24] . As shown in Fig. 5a , expression of HCV NS4B led to reduced USP14 protein levels in both 293T cells and HepG2 cells especially at 48-h post-transfection, indicating that HCV NS4B activates the proteasome-ubiquitin pathway.
To examine whether the proteasome pathway is involved in the Scribble protein degradation, we performed a series of ubiquitination assays. Cells were transfected with plasmids expressing full-length Flag-tagged NS4B and then treated cells with the proteasome inhibitor, MG132. Our data showed that NS4B induced higher ubiquitination of Scribble than empty plasmids in both 293T cells and HepG2 cells (Fig. 5b) , suggesting that NS4B induced Scribble degradation via the proteasomeubiquitin pathway.
We also transfected NS4B PBM mutants (Flag-NS4BD and Flag-NS4BM) into 293T and HepG2 cells and found that the protein levels of Scribble were not significantly reduced by these two NS4B mutants when compared with the fulllength NS4B (Fig. 5c) . As a control, the expression of endogenous β-actin and exogenous GFP was not altered (Fig. 5c) , indicating that the specific degradation of Scribble requires its interaction with NS4B PBM.
The effect of HCV infection on Scribble expression levels
To analyze whether NS4B triggers Scribble degradation in the context of HCV, we investigated the effect of HCV JFH1 infection on Scribble expression. Huh7.5.1 cells were infected with HCV JFH1, and the expression of Scribble was analyzed by qRT-PCR and Western blotting. Our results showed that Scribble mRNA was not significantly changed by HCV infection (Fig. 6a) . LGL2 were analyzed by Western blot. e, f Relative protein levels of Scribble (e) and LGL2 (f) were quantitated with standard deviation (SD). GAPDH levels were used to normalize these two proteins. *P < 0.05; **P < 0.01 However, Scribble protein was decreased in HCVinfected Huh7.5.1 cells compared with mock-infected cells (Fig. 6b) , indicating that HCV infection resulted in Scribble degradation. Altogether, these results implied that NS4B works in the context of HCV to trigger Scribble degradation.
The NS4B PBM promotes the colony formation of hepatoma cells by degrading Scribble
As Scribble is a tumor suppressor protein and HCV NS4B PBM targets Scribble for degradation, it is highly possible that NS4B PBM may promote cell transformation by targeting Fig. 5 HCV NS4B PBM induced Scribble degradation via the proteasome. a 293T and HepG2 cells were transfected with 1 μg pCDNA3.1(−) or pCDNA3.1-NS4B. Twenty-four and 48 h post-transfection, the protein levels of NS4B, USP14, and GAPDH were analyzed by Western blot. b 293T cells and HepG2 cells were transfected with pFLAG-CMV2 or pFLAG-NS4B, and proteasome inhibitor was added to the cells 5 h before harvesting cells. The ubiquitination levels of Scribble were analyzed by Western blot using anti-ubiquitin antibody. c 293T and HepG2 cells were transfected with full-length NS4B, NS4BD, NS4BM, pFLAG-CMV2, and pEFGPC1. Twenty-four hours posttransfection, cell lysates were prepared and analyzed by Western blot with indicated antibodies Fig. 6 HCV infection induced Scribble protein degradation. Huh7.5.1 cells were infected by HCV JFH1 and harvested at day 3 and day 5. a Total mRNA was extracted, and RT-PCR was performed using primers for Scribble and β-actin. Data were presented as mean ± SE (n = 3, P>0.05). b Cells lysates were subjected to Western blot analysis using antibodies against HCV Core protein, Scribble, and β-actin Scribble. To test this hypothesis, we transfected HepG2 cells with NS4B-expressing plasmids. Our results showed that NS4B induced more colonies (increased anchorageindependent growth) than empty vector-transfected cells (Fig. 7) , consistent with its reported roles in transformation [14] . Moreover, transfection of full-length NS4B significantly yielded more colonies than its PBM mutants, NS4BD or NS4BM (Fig. 7) . These data suggest that NS4B promotes cell transformation primarily by its PBM domain-mediated Scribble degradation.
Discussion
Cell-derived membrane is the key platform for viral replication and assembly. The interaction between HCV proteins and host cellular proteins plays important roles in HCV life cycle and pathogenesis [25] . HCV NS4B is a highly hydrophobic protein and considered to be the least characterized HCV protein [26] . The major function of NS4B is to induce intracellular host membrane alteration and provide a platform for virus replication [8, 9, 27] . HCV NS4B has also been shown to cause cell transformation [14] . However, it remains to be determined about the underlying mechanism. In this study, we provided a plausible mechanism that NS4B induces cell transformation by degrading the tumor-suppressor protein, Scribble, through the interaction between NS4B PBM and Scribble PDZ domains.
Our study provides the first evidence that HCV NS4B interacts with the tumor suppressor protein Scribble via its PBM. Several virus proteins have been shown to contain PBM that can bind PDZ domain(s). These proteins include human adenovirus E4-ORF1, hepatitis B virus (HBV) core protein, influenza A virus NS1 protein, HPV E6 protein, HTLV1 Tax protein, TBEV NS5 protein, Dengue virus (DV) NS5 protein, Rabies G protein, SARS E protein, RhPV E7 protein, and CRPV LE6 and SE6 proteins (reviewed in [19] ). Among these proteins, influenza A virus NS1 protein, HPV E6 protein, HTLV1 Tax protein, and TBEV NS5 protein have been shown to interact with Scribble. Here, we provide evidence that HCV NS4B is a novel PBM-containing protein that interacts with Scribble.
The PDZ domain is a protein-protein interaction module that is widespread throughout evolution. Many cellular PDZ proteins are targets for viral proteins including Dlg1, Dlg4, MAGl-1, MAGl-2, MAGl-3, Scribble, PDLIM2, MUPP-1, PATJ, ZO-1, ZO-2, TIP-1, TIP-2/GIPC, Erbin, pro-IL-16, ß1-syntrophin, PDZD8, PTPN4, and PALS1 [19] . In this study, we found that HCV NS4B specifically interacts with Scribble. Moreover, we found that at least three contiguous PDZ domains of Scribble are required for this interaction (Fig. 3 ). This phenomenon is quite different from the other reported virus proteins (HPV E6, HTLV-1 Tax, and TBEV NS5) that target the cellular PDZ protein [19] . For example, only PDZ domains 4 and 5 of PATJ are required to bind HPV E6 [19] . It is highly likely that the interaction between HCV NS4B and Scribble requires the three contiguous Scribble PDZ domains to form a favorable conformation and cooperative binding among these PDZ domains.
Different viruses employ various strategies to modulate Scribble to facilitate their replication and/or pathogenesis. Some viral proteins alter Scribble localization. The influenza A virus NS1 and HTLV-1 Tax proteins interact with Scribble and result in mislocalization of Scribble into cytoplasmic puncta [19] . The influenza A virus NS1-mediated relocalization of Scribble was thought to inhibit the proapoptotic function of Scribble. However, we did not observe any location change of Scribble in NS4B expression cells (Fig. 1a) . Other viral proteins regulate Scribble protein level. The HPV E6 binds Scribble and results in its degradation Values are means ± SD (n = 3). *P < 0.01,**P < 0.05 through the proteasome pathway [28] [29] [30] . Similar to HPV E6, we found that HCV NS4B specifically induced Scribble protein degradation with little to no effects on the other two PDZcontaining proteins, Lgl2 and Par3. This is the first report regarding the role of HCV NS proteins in regulating Scribble functions by affecting its protein levels. Moreover, HCV NS4B PBM induced Scribble degradation through the ubiquitin-proteasome pathway, indicating that HCV NS4B utilized the same strategy with HPV E6 in regulating Scribble. The TBEV NS5 protein directly interacts with Scribble and causes the inhibition of the JAK/STAT pathway by an unclear mechanism [19] . It is unknown whether HCV NS4B affects the JAK/STAT pathway.
The NS4B PBM-Scribble PDZ interaction is important for colony formation of transfected cells, indicating that NS4B PBM contributes to HCV pathogenesis and cellular transformation by inducing Scribble degradation. Interestingly, colony formation assay also showed that in the cells expressing the NS4B PBM mutants, more colonies were formed compared to empty vector-transfected cells, suggesting that there are additional unknown mechanisms whereby NS4B promotes transformed cell growth in addition to PBM. As NS4B nucleotidebinding motif (NBM) has been reported to induce tumor transformation [14] , it is highly likely that both NBM and PBM confer NS4B the potential to promote tumor transformation.
Taken together, we identified an important motif, PBM, within NS4B and characterized its functions in facilitating tumor cell transformation through binding the PDZ domains of tumor suppressor, Scribble, and inducing Scribble degradation via the proteasome-ubiquitin pathway. Our findings reveal a novel mechanism by which NS4B contributes to HCV pathogenesis and tumorigenesis.
